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IGH-QUALITY power management converters are demanded for portable devices such as cell phones, digital cameras, and other multimedia equipment. Voltage regulation and transient recovery time are treated as the important issues in providing a good power supply. The reason for the demand in high-quality power supply converters is that the unstable supply voltage in case of load variations may cause abnormal operation or deteriorate the performance of the portable devices. Among the applications like system-on-chip (SoC) and the motherboard, a stable power management, which features in the high-quality power supply, fast line/load transient response, and high power conversion efficiency, is the trend to increase the competitiveness of the portable products [1] . Therefore, the good transient response is the design consideration in DC-DC converter that is necessary for today's power management application.
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Digital Object Identifier 10.1109/TVLSI.2011.2163093 battery-operated portable applications. This structure allows the UWB protocol to support multiple low-power modes and data transmission. In the UWB system, if the throughput constraint is cycling between different operating modes, the power request is also changed in order to meet the supply power of different mode operations. When the UWB system enters into the data transmission period, the power request would increase suddenly that has a consequence of supply voltage variation. As depicted in Fig. 2 , undershoot and overshoot voltages appear at the moment of mode transmission. The large dip supply voltage and the long voltage recovery time have a serious influence on the performance of UWB systems. Consequently, a high-quality power source is always an essential demand in the power management module design. Several techniques are claimed to improve the transient response for getting a reliable supply voltage in DC-DC converters [2] - [10] . Some literatures in today's fast transient techniques are focused on speeding up the charging or discharging time for the large compensation capacitor [2] , [3] . Thus, a large driving current is sourcing or sinking into the compensation capacitor when the load current changes. A careful design consideration of the system stability is needed to ensure a stable operation. The adaptive compensation in literature [5] enhances the transient performance by deliberately adjusting the low-frequency gain to speed up the transient response in case of load current variations. The response time is decreased by raising the loop gain higher than that in steady-state to get a larger bandwidth. That is, the unstable response increases the transient voltage variation to achieve fast recovery of the output voltage. The hysteresis control can also achieve fast transient response. A fixed output frequency in ripple control scheme is proposed in [6] to solve the EMI problem in hysteresis controls. However, to get adequate noise margin for correct operation, large output voltage ripple is needed. Nevertheless, large output voltage ripple would affect the performance of the noise-sensitive circuit. Additionally, the current-mode control needs the slope compensation signal to avoid the sub-harmonic oscillation. The slope compensation signal independent of input and output can ensure a wide load range operation but has less help in accelerating the transient response [7] . The digital control methods [11] - [13] are also a wide-used mechanism in DC-DC converter for getting fast response. However, deteriorated performance and high cost are derived from the function of analog-to-digital converter. Moreover, there are different control methods in DC-DC buck converters [14] - [18] . These different control schemes achieve the good transient response but increases the design complexity.
In this paper, a fast transient with adaptive phase margin (APM) control is proposed in the current-mode DC-DC buck converters. The conventional compensation technique in DC-DC buck converters is presented in Section II. Fast transient control procedure with proposed APM is illustrated in Section III. Circuit implementations are described in Section IV. Experimental results are shown in Section V. Finally, a conclusion is made in Section VI.
II. COMPENSATION TECHNIQUES IN VOLTAGE-MODE AND CURRENT-MODE DC-DC BUCK CONVERTERS
There are some different design issue of compensation techniques between voltage and current mode DC-DC buck converters. Voltage-mode buck converter needs proportional-integral-differential (PID) compensator due to the LC dual poles, and , as illustrated in Fig. 3(a) and the frequency response depicted in Fig. 3(b) . The transfer function of the power stage is written as (1) . The usage of a PID compensator in voltage-mode buck converters can enhance low-frequency gain and phase margin (PM). The PID compensator generates three poles and two zeros. One of the three poles is located at the origin as the system dominant pole to stabilize system and the other two poles are located at high-frequencies. These high-frequency poles are placed above the system crossover frequency. Those poles will not affect the system stability and can help minimize the effect of high-frequency noise. The two compensation zeros, and , are used to compensate the effects of the dual non-dominant poles. The PID compensator as depicted in Fig. 3(a) is expressed as (2) based on the assumption of and . The PM is approximated to 60 degrees in case of load variations. However, the complexity of compensation and the need of many external passive components is the major disadvantage in the design of voltage-mode buck converters, as shown in (1)- (3) at the bottom of the page.
The compensation scheme of the current-mode buck converter is simpler than that of the voltage-mode control owing to the single pole at the power stage. That is, the proportionalintegral (PI) compensator with a pole-zero pair is eligible to achieve system compensation. The compensation zero is usually used to cancel the load-dependent system pole located at the output. However, the position of would affect the performance of the current-mode buck converter under the different load condition. The PI compensator, which generates a fixed compensation pole-zero pair, can ensure the system stability but cannot ensure a good transient response at any load conditions.
As shown in Fig. 4(a) , is designed to cancel at heavy loads. When load current changes from heavy to light, moves toward the origin due to its characteristic of load dependence. The PM would deteriorate since the compensation zero cannot be moved back to cancel the system pole at light loads. It might suffer the ringing problem and the long settling time resulting from the insufficient PM in transient period. Moreover, when is designed to cancel the system pole at light loads as depicted in Fig. 4(b) , the PM becomes larger than the optimal value. It has opposite performance to the requirement of fast transient response at heavy loads. The system is always stable but carries out the slow transient response because of the large PM.
Therefore, an adaptive compensation zero is needed in the current-mode buck converter to ensure large system bandwidth and adequate PM at any load conditions. The compensation zero should be located at low frequencies to cancel the effect of the system pole at light loads and be moved toward high frequencies to cancel the effect of the system pole at heavy loads. During the load transient period, the dip output voltage depends on the ESR value of output capacitor and the system bandwidth. However, the voltage drop across the ESR is a material-related value. To maintain a large system bandwidth and adequate PM is therefore an effective way to enhance the power management module. Therefore, the proposed fast transient with APM control technique can achieve the fast and smooth load transient response through the control of compensation pole-zero pair.
III. PROPOSED FAST TRANSIENT CONTROL PROCEDURE WITH APM
The control-to-output transfer function of the conventional current mode DC-DC buck converter has two separated real poles, and , [19] , [20] . is located at the output of the regulator, that is, where is the output filter capacitor and load resistance is inversely proportional to load current . The output pole is therefore proportional to the value of load current . Besides, the high-frequency pole is located near the switching frequency region because of the characteristic of the current programmed control. designed at low frequencies to cancel at light loads, causes the PM larger than the optimum PM.
It pushes the inductor-resulted pole to a high-frequency position to separate the double pole at output stage. The compensation method only needs to increase the low-frequency loop gain using the PI compensation to improve transient regulation performance.
The transfer function of an equivalent PI compensation technique proposed by [2] is given as (4) . and are expressed in (5), where and are on-chip small compensation resistor and capacitor, respectively.
is the output resistance of the error amplifier (EA) and its value is much larger than that of . is the transconductance of the OTA [21] . is the capacitor multiplier factor (4) (5) A low-frequency pole-zero pair, and , can effectively compensate the current-mode DC-DC buck converter. This is because that the current generated by EA can be redirected to charge or discharge the small on-chip capacitor in compensation network for on-chip compensation. Moreover, the fast transient mechanism can be simultaneously achieved in case of load current variation [22] .
Fig . 5 shows the proposed structure of the fast transient control with the APM technique in a current-mode buck converter. An adaptive compensation resistance can achieve the APM technique to get the adequate system phase margin under different load conditions. In addition, an adaptive compensation capacitance is implemented to further achieve fast and smooth transient response. As the fast transient technique in [2] , the one-shot control is used to decide the duration of the fast transient period. However, it suffers from an oscillation problem when the positive feedback gain is larger than one. Thus, the proposed adaptive compensation technique contains four steps to complete the fast transient response. The frequency response expression of the fast transient with APM control is shown in Fig. 6 . At first, the system is in steady-state and waits for the occurrence of load transient response. When load current changes from light to heavy as depicted in Fig. 6 (a), and are moved toward high frequencies to improve the transient response because of the small equivalent compensation capacitance and large system bandwidth. It is different from the technique proposed in [2] since is controlled by output voltage and current at the same time.
is at lower frequencies than that of in the previous design [2] to derive a large system bandwidth. After the fast transient I (FTI) period, and start to move back to the position in steady state when the transient procedure enters the fast transient II (FTII) to alleviate the oscillation problem. At this time, and still position at high frequencies to get a fast recovery time. Finally, and are moved back to the position in steady state.
Owing to the adaptive with the ability to adjust the resistance in the PI compensator, the position of is no longer similar to that in [2] because it reaches the position of at heavy loads to achieve nearly exact pole-zero cancellation. Due to the pole-zero cancellation generated by the proposed adaptive compensation capacitance and resistance circuit, not only the system bandwidth can be magnified but also PM can be maintained a suitable value, which is near 60 degrees, to wait for load variations in steady state. On the other hand, is located at high frequencies at heavy loads. Therefore, when load current changes from heavy to light as illustrated in Fig. 6(b) , and are moved toward to high frequencies during the FTI. After FTI, and start to move back toward the origin during the FTII. Finally, at the end of transient response, is located at a low frequency position, which is close to the system pole at light loads, to achieve nearly exact pole-zero cancellation. Obviously, the proposed fast transient control with an APM can improve the transient response time during the transient period.
Besides, PM in steady state can be improved due to the nearly exact pole-zero cancellation. PM can be kept a suitable value to ensure the system stability at any loads.
Moreover, the performance of load transient response in the current-mode buck converter is determined by the output impedance and the loop crossover frequency. The load transient response of power management module can be evaluated by the transient dip voltage and the settling time, which can be indicated by the closed-loop output impedance. The accurate model of the current programmed control buck converter has been presented in [23] . The open-loop output impedance can be shown as (6) where (6) is the switching cycle of the buck converter. is the compensation slope.
is the complement of duty cycle . Besides, based on the proposed structure depicted in Fig. 5 , the transfer functions of EA, the adaptive compensation resistance circuit, the adaptive compensation capacitance circuit, and the control to output voltage gain can be merged as a factor shown in (7) .
represents the transfer function of the power stage in current-mode buck converter. In addition, the voltage divider at the output node of buck converter is considered as the feedback factor expressed in (8) . Therefore, the closed-loop output impedance can be shown in (9) method owing to the smaller closed-loop output impedance at the loop crossover frequency. The closed-loop output impedance in the high-frequency region near the crossover frequency is shown in (10) simplified from (9), which is proportional to the ratio between the output resistance of EA and the compensation resistance at high frequencies
In medium-frequency region of the closed-loop output impedance shown in Fig. 7 , the proposed FT control with the APM technique also derives the smallest output impedance compared to those of the conventional method and the technique with APM only. The settling time in load transient response is also affected by the closed-loop output impedance within the loop crossover frequency. Smaller closed-loop output impedance would achieve shorter transient settling time. Therefore, the proposed FT control with the APM technique can derive the shortest settling time compared to the other control methods.
Moreover, the closed-loop output impedance in the medium-frequency region can be simplified as (11) from (9) .
is influenced by , , and at medium frequnecies
In the low-frequency region, the value of the output impedance is equivalent to the others. It indicates that the proposed technique would not affect the steady-state error. As a result, the proposed FT control with the APM technique can adjust the adaptive compensation capacitance and resistance to get smaller closed-loop output impedance, which carries out smaller transient dip voltage and transient settling time in the current-mode buck converter. 
IV. CIRCUIT IMPLEMENTATIONS

A. Adaptive Compensation Capacitance
The adaptive capacitance circuit can automatically adjust the value of compensation capacitance by controlling the current flowing through the small capacitor as shown in Fig. 8(a) . As a result, the capacitor can be amplified to an optimum value for system compensation in steady-state or adjusted to a small value in load transient period to accelerate the system response [22] , [24] - [26] .
The operation of the adaptive capacitance circuit is separated into four steps.
Step 1 is in steady-state. Switches are opened ( are closed) so that the current flowing through transistors can not flow into the small on-chip capacitor . It acts as a current source parallel with the current flowing through to achieve the on-chip compensation [2] . The function of the adaptive capacitance circuit in this step is to maintain a large on-chip compensation capacitance. Besides, peak detector circuit and one-shot controller shown in Fig. 8(b) are used to control the fast transient operation. The low-pass filter in the peak detector circuit can react the feedback voltage variation to the oscillating signal , which is utilized to determine the duration of fast transient response according to different load current steps. The larger load step will lead to the longer transient period. Thus, when the feedback voltage is larger than the high threshold voltage or smaller than the low threshold voltage , the fast transient mechanism would be activated. The fast transient period contains two steps, which are step 2 named as FTI and step 3 named as FTII.
In step 2 (or FTI), or in the peak detector circuit are set to high to trigger the detection cell, which is composed of two D-flip-flops, to enable the one-shot controller. The control time diagram of the adaptive compensation capacitance circuit is shown in Fig. 9(a) . The switches are closed and are opened when the load current changes from light to heavy ( , , , and are closed but , , , and are opened when the load changes from heavy to light). That is, a large current would directly inject into the small on-chip capacitor at this period. Thus, the equivalent capacitance value of the adaptive capacitance is decreased in order to accelerate the transient response.
At the end of the one-shot period, is set to high and the fast transient response enters step 3 (or FTII). Switches and are opened but and are still closed ( and are closed; and are opened) when the load current changes from light to heavy ( , , , and are closed but , , , and are opened when the load changes from heavy to light). The current flowing into the small on-chip capacitor is less than that in step 2. Hence, the equivalent value of the adaptive capacitance becomes larger than that in step 2, so that the compensation zero is pulled toward the origin to increase the PM and stabilize the system. Finally, would send an edge trigger to the detection cell to end the fast transient operation. The positive or negative trigger of is generated when output voltage is returned back from the undershoot or overshoot, respectively. The period of the fast transient control, which is determined by the low-pass filter in the peak detector circuit, is proportional to the output load transient condition. When the operation enters into step 4 of steady-state, switches are opened ( are closed) and the adaptive capacitance is again amplified to a large capacitance. Accompanied with an adaptive resistance , which has a small value at heavy loads or a large value at light loads, the nearly exact pole-zero cancellation is achieved in order to extend the system bandwidth and PM. The states of these eight switches in fast transient period are shown in Fig. 9(b) and (c) .
Two-stage fast transient operation in step 2 and step 3 has these advantages. 1) The system can be stabilized since the PM in step 3 is better than that in step 2 owing to the larger compensation capacitance.
2) The output voltage can be smoothly regulated back to its steady-state value with little overshoot and undershoot because of the smooth control of compensation pole-zero pair.
3) The low-pass filter in peak detector circuit achieves the load-dependent control of adaptive capacitance circuit that would dynamically determine the fast transient period according to different load current condition. Moreover, the predefined voltage and in the peak detector circuit of Fig. 8(b) is derived from the bandgap reference. Due to the implementation of auxiliary switches as depicted in Fig. 8(a) , the value of on-chip compensation capacitance can be adjusted in the FT period. It can be considered that the transconductance of EA would be varied at the different periods of the FT response since the value of compensation capacitance, which is changed with a constant-biasing EA, is derived in the FT period. As shown in Fig. 10(a) , the transconductance of EA with an auxiliary gain stage for the on-chip capacitor is increased from to , , and , respectively. The is the steady-state transconductance of EA. Once the system enters into fast transient of step 2, the value of the equivalent transconductance becomes and since the load changes from heavy to light or from light to heavy, which is expressed as (12) . Similarly, the equivalent transconductance of the step 3 is derived as (13) . When load current changes from heavy to light, the multiplier factors and define the amplified factors in FTI and FTII, respectively. On other hand, when load current changes from light to heavy, the multiplier factors and define the amplified factors in FTI and FTII, respectively. is the entire capacitance multiplier factor in the adaptive compensation capacitance circuit. The schematic of the EA in the proposed structure is depicted in Fig. 10(b) . The coefficients in (12) and (13) are listed in Table I (12) (13) Fig. 11 . Current sensing circuit with the SH circuit.
In order to prevent the converter from oscillating and ensure the system stability, a conservative value of the time duration is used to design first step pulse in FTI period to decrease output overshoot/undershoot. Since the APM technique, the adaptive resistance at light loads is larger than that at heavy loads. Hence, the adaptive capacitance should be decreased to a smaller value when the load changes from light to heavy than that when the load changes from heavy to light. Therefore, and should be larger than and , respectively.
B. Current Sensing With Sample-and-Hold Circuit
According to the theorem of current mode control, the system pole at output node is inversely proportional to load resistance. In other words, the position of is proportional to the load current. The current sensing circuit with a sample-and-hold (SH) circuit [27] as depicted in Fig. 11 is used to derive the value of load current, and thereby moving the position of the compensation zero to the position where locates. When the signal changes from high to low, the power p-MOSFET is turned on to deliver energy from power source to the inductor and the output. Simultaneously, the transistor is also turned on to connect the drain of to the non-inverting input of the op-amp. Thus, the transistors and can sense the current flowing through the power p-MOSFET . The current flows through is used to generate the sensing voltage for the operation of current-mode DC-DC buck converter. On other hand, the current that flows thorough is mirrored by the current mirror pair and to generate a current to the SH circuit. When the signal of is triggered from high to low, the sensing current is averaged by the SH circuit and thus the value of average inductor current can be derived by the signal . Furthermore, in order to alleviate the effects of clock shoot-through and charge injection, a complement transistor is connected as a dummy switch and controlled by the signal . Owing to the current sensing circuit, the value of the sensing current, which is scaled down to times that of load current, is sampled and averaged by the SH circuit. After the I-V conversion across the resistor , the averaged inductor current value is converted to as shown in (14) where is a constant (14) 
C. Adaptive Compensation Resistance
The position of the compensation zero is inversely proportional to the product of the compensation resistance and capacitance. To get an adequate PM at any load condition, needs to be adjusted adaptively to track the output load condition. As illustrated in Fig. 12 , an adaptive resistance control circuit is used to derive the load-dependent compensation zero for the cancellation of the output pole . The control signal generated from the current sensing with a SH circuit indicates the averaged inductor current and can be used to control the position of to achieve a nearly exact pole-zero cancellation at different load condition. However, this adaptive resistance control circuit would not work properly with the uncertainty load condition during the start-up period. Thus, a small resistor is designed to place parallel with the transistors and to eliminate this scenario.
When the start-up period ends, the signal will be set to low to disconnect the current flowing through the resistor . The parallel MOSFETs and are operated in deep triode region as the equivalent resistances and , which have their values determined by the gate controlling signals and . These gate controlling signals are generated by the resistance control circuit in Fig. 12 .
in (14) indicates the load condition, and thereby being used to adjust the position of .
is converted to a current as expressed in (15) through the voltage-to-current (V-I) structure and utilized in the determination of and in (16) and (17) . Two constant currents, and , are generated to ensure the deep triode operation of the MOSFETs and . Therefore, the equivalent resistances and can be determined in (18) (19) and are the threshold voltages and and are the products of the mobility and aspect ratio of the transistors and , respectively. An equivalent resistance , which determines the position of , is equal to the value of . Assuming that and have the similar value in steadystate operation, the inverse value of the equivalent resistance in (20) is proportional to the load condition to achieve the compensation zero adjustment. Hence, the exact expression of the compensation zero can be derived in (21) . The effects of the output pole on the PM can be effectively alleviated due to the tracking of the compensation zero where and (20) where and (21) Fig. 13 is the simulation result of the adaptive circuit. The gate control signals, and , would be modulated according to the load-dependent signal . The resistance would be inverse proportional to the load current to achieve the adaptive compensation. Table II lists the locations of the dominant pole , the output pole and the compensation zero during the load transient period between 100 and 500 mA. These movements are achieved through the proposed adaptive compensation technique. Moreover, to implement the transistors and in parallel can deal with the sudden load variations. When load current changes from light to heavy rapidly, the output node of error amplifier can be raised to a higher voltage level immediately. It results in a large voltage difference between nodes and , and thereby pushing the transistor into the saturation region. The equivalent re- sistance across transistor would become very large. Fortunately, the transistor still operate in deep triode region as a linear resistance that the compensation zero can be held properly in order to prevent the oscillation problem. Similarly, the transistor may operate in the saturation region at the beginning of transient response due to the instant decrease at node . However, transistor can still work in the deep triode region to form an adaptive compensation resistance for the adaptive compensation. It is obvious that the fast transient control and the nearly exact pole-zero cancellation are achieved.
In the proposed structure with the FT technique and the APM method, the variation of compensation resistance is in the range from 150 to 800 k when the load changes from heavy load to light load. The variation of is in the range of 2 to 200 pF in load transient period owing to the adaptive compensation capacitance circuit. Fast transient period is determined by the value of load current steps to ensure the smooth transient response and to prevent the overcharge and undercharge issues. Moreover, the APM method with the adaptive compensation resistance circuit adjusts the compensation resistance for deriving the optimal compensation zero. These mechanisms can guarantee both and to be adjusted in the designed range. Fig. 15(c) shows the photo of the wireless USB receiver. Fig. 16 shows and inductor current when steps from 100 to 500 mA, or vice versa. The overshoot and undershoot voltages are 38 and 60 mV, respectively. The transient recovery times of undershoot and overshoot voltages are 6 and 12 s, respectively. It is obvious that the performance of the proposed technique has small overshoot/undershoot voltage and setting time when load current suddenly changes. The waveform demonstrates that the adaptive and can increase the system bandwidth and PM according the instant load current condition. Fig. 17 shows the comparison between the proposed FT control with the APM technique, the conventional design without any fast transient techniques, and the design with APM technique only. As shown in Fig. 16, when steps from 100 to 500 mA, the undershoot voltages of three results are 60 mV for the proposed method, 84 mV for the method with APM only, and 110 mV for the conventional design. The proposed method has the best performance due to the FT control with APM technique during load transient period. Besides, owing to the APM technique, the adaptive resistance is adjusted according to the load condition. Thus, when the load suddenly changes from light load to heavy load, the adaptive resistance would be set as a larger value than that in conventional method since the adaptive system compensation is achieved at TABLE III  RELATIVE COEFFICIENTS OF OUTPUT IMPEDANCE the load transient occurs, the FT control can minimize the compensation capacitance. Thus, the closed-loop output impedance can be derived as a smaller value due to the proposed FT control with the APM technique, which achieves the shortest voltage recovery time. Fig. 18 shows the transient recovery time and the overshoot voltage between the three results when changes from 500 to 100 mA. Certainly, the performance of the proposed method is better than those of two results. The overshoot voltages of three results are 38 mV for the proposed method, 58 mV for the method with only APM, and 60 mV for the conventional Fig. 19 shows the current consumption of four different design methods. Owing to the small overhead of the implementation in the adaptive resistance, the current consumption of the APM technique is increased about 20 A compared to the conventional design. Besides, the current consumption of the positive feedback is larger than that of the conventional about 100 A. Thus, the FT control with APM technique needs more 70 A quiescent current than that of the conventional design. Moreover, the APZP technique reported in [2] can has the good transient response but lead to a large current consumption owing to the combination of adaptive frequency control (AFC) technique. Fig. 20 shows the power conversion efficiency of the proposed DC-DC converter through the FT control with APM technique. The efficiency can be kept at 92% at medium to heavy loads. The light-load efficiency is deteriorated to 78% at load current 40 mA. The reason is that the operation of the converter enters the discontinuous conduction mode (DCM) operation and thus the switching loss dominates the total power consumption. Therefore, the operation can be switched to dithering skip-modulation (DSM) or pulse frequency modulation (PFM) operation [28] to improve the power conversion efficiency. The detail specifications of the proposed DC-DC buck converter are listed in Table V.  Table VI shows the list of other popular fast transient control methodologies. The fast transient response and the small output voltage ripple are the advantages of the proposed converter. The proposed FT control with the APM technique is suitable to the modern battery-operated system and can strengthen the quality of the power source in power management modules.
VI. CONCLUSION
In this paper, the FT control with the APM technique is proposed to achieve good transient response in current-mode DC-DC buck converters at different load conditions. The fast transient control can effectively improve the overshoot/undershoot voltage and the transient recovery time. The compensation pole-zero pair can be dynamically moved toward high frequencies during transient period. After the output voltage is regulated to its steady-state value, the compensation pole-zero pair is smoothly moved back to the steady-state position. Thus, the overshoot/undershoot voltage can be decreased. Besides, owing to the APM technique, the compensation zero is moved to nearly close to the position of the system pole to achieve the pole-zero cancellation. Thus, the PM of the system can be always kept an adequate value in steady state. Experimental results show that the overshoot/undershoot voltage is smaller than 60 mV and the transient response time is smaller than 12 s as load current suddenly changes from 100 to 500 mA, or vice versa. Compared with conventional designs without any fast transient technique, the performances of undershoot voltage and recovery time are enhanced by 45% and 85%, respectively.
